Purpose The stress distribution of an ankle under various physiological conditions is important for long-term survival of total ankle arthroplasty. The aim of this study was to measure subchondral bone density across the distal tibial joint surface in patients with malalignment/instability of the lower limb. Methods We evaluated subchondral bone density across the distal tibial joint in patients with malalignment/instability of the knee by computed tomography (CT) osteoabsorptiometry from ten ankles as controls and from 27 ankles with varus deformity/instability of the knee. The quantitative analysis focused on the location of the high-density area at the articular surface, to determine the resultant long-term stress on the ankle joint. Results The area of maximum density of subchondral bone was located in the medial part in all subjects. The pattern of maximum density in the anterolateral area showed stepwise increases with the development of varus deformity/instability of the knee.
Introduction
Ankle osteoarthritis (OA) is not uncommon in patients with malalignment of the mechanical axis of the lower limb [1] or tibial malalignment after fractures [2, 3] . Malalignment of the lower limb may thus accelerate degenerative change in the ankle joint. Although malalignment of the lower limb often occurs due to OA of the knee, the prevalence of primary OA of the ankle has been reported as uncommon compared with other OA [4, 5] .
This discrepancy is thought to have several causes, such as anatomical congruency, composition of the extracellular matrix and biomechanical condition [6, 7] . The natural ankle joint offers high resistance against mechanical stress. Even the most recent prostheses for total ankle arthroplasty do not display survival comparable to that with total hip or knee arthroplasty [8, 9] . One reason for this short survival is considered to be coronal plane deformity. The relationship between clinical outcomes and preoperative coronal alignment of the ankle joint is well established, but malalignment of the lower limb that could dynamically affect the ankle joint is not currently given sufficient consideration in total ankle arthroplasty [10, 11] .
Extensive in vitro investigations have reported on ankle articular cartilage biomechanics using cadaveric experimental setups [12, 13] . Recent in vivo studies have also attempted to quantify articular cartilage contact biomechanics in the ankle joint [14, 15] . The results have been crucially important in the design of recent prostheses and and the determination of clinical indications for total ankle arthroplasty. However, no studies have investigated effects on the articular surface of the ankle joint in lower limb malalignment/instability. Loadbearing conditions and variations in lower limb alignment may complicate the evaluation of the pathological ankle joint.
To overcome such difficulties, we tried to investigate subchondral bone density of the ankle joint by computed tomography (CT) osteoabsorptiometry. The distribution of subchondral bone density reflects the stress pattern of a joint under long-term physiological conditions [16, 17] . CT osteoabsorptiometry can assess long-term stress distribution at individual joints in living subjects by measuring subchondral bone density. Previous studies using this method have evaluated stress distribution at each joint under various loading scenarios, from normal to pathological or postoperative conditions [18] [19] [20] [21] [22] . Clarification of the distribution pattern of ankle subchondral bone density in patients with malalignment of the lower limb may provide insights into the design of novel implants for ankle arthroplasty and the determination of clinical indications for ankle arthroplasty.
The aim of this study was to measure subchondral bone density across the distal tibial joint surface in patients with malalignment of the lower limb by CT osteoabsorptiometry. The results obtained indicate the influence of lower limb malalignment on stress distributions in the ankle joint.
Methods

Data collection
Institutional Review Board approval was obtained prior to initiation of this study. CT image data were obtained from 27 women who underwent CT-based navigation for total knee arthroplasty. No patients had any symptoms in the ankle or history of significant ankle trauma. The control group comprised five volunteers (ten ankles) with no history of knee or ankle injury. Sample size was based on a power analysis using data from our pilot study and previous investigations [20, 23, 24] . These studies showed a 0.09-point target difference in mean value of the high-density area ratio described below (effect size) and a standard deviation less than 0.03 points. Power analysis indicated that at least five subjects would be required to detect this effect size with 90 % power and a significance of α00.05. We therefore used this study design with a minimum sample size of eight subjects.
Kellgren and Lawrence (K/L) grades for patients with medial compartment knee OA were determined based on radiographic data and all patients were evaluated as K/L grade 3 or 4. The mechanical axis was defined as the angle between a line from the centre of the hip to the midpoint of the ankle joint and was assessed on full-length standing radiographs. The femorotibial angle, formed by the junction of the anatomical axes of the femur and tibia and an angle exceeding 176°considered to represent a varus deformity, was measured in weight-bearing radiographs and categorised into one of four subgroups: control group, mean femorotibial angle 174.2°[n010; mean age 36.8 years; 95 % confidence interval (CI) 35.1-38.5]; moderate group, femorotibial angle 185°or less (n09; mean age 73.5 years; 95 % CI 70.5-76.5); severe group, femorotibial angle more than 185°(n010; mean age 74.4 years; 95 % CI 69.0-79.8); and thrust group, clinical observation of lateral thrust, as sideways movement of the knee in the early stance phase of gait [25, 26] (n08; mean age 69.8 years; 95 % CI 65.0-74.5) ( Table 1 ). Determination of mechanical axes was performed from full-limb weight-bearing radiographs. We performed all digital measurements and calculations using Centricity Web-J 3.0 HD software (GE Healthcare Japan, Tokyo, Japan). Ankle joints showing narrowing of the joint space on standing radiography were excluded. Patients showing ankle joint pain or instability were also excluded. No significant differences in age or body mass index (BMI) were noted among the three groups.
CT osteoabsorptiometry
The imaging data obtained were transferred to an image analysing system (Advantage Windows, GE Medical Systems, Milwaukee, MI, USA) for further evaluation. Coronal views at intervals of 1 mm were reconstructed from the CT images. The subchondral bone region of the distal articular surface of the tibia, as the target area for measurement, was automatically identified using original software (OsteoDens 4.0). In each slice, X-ray attenuation (in HU, whereby water is 0 and compact bone is 1,000) of the identified subchondral bone region was measured at each coordinate point at 1-mm intervals (Fig. 1) . For each subject, the range between maximum and minimum HU values was divided into nine equal grades, and a surface [16, 20, 22] .
Data analysis
Quantitative analysis of the obtained mapping data focused on the location of the area of maximum density in the entire articular surface [20, 22, 24] . The area of maximum density was defined as the area in which HU values were >600 (nine-grade colour scale). The percentage of the maximum density area (%MA) at each divided region of the tibial articular surface was calculated and statistically compared among the four groups. The divided regions included the anteromedial part (ant-med), posteromedial part (post-med), anterolateral part (ant-lat) and posterolateral part (post-lat) (Fig. 2) . The %MA in each region was defined as the area of maximum density divided by the total articular area for that region. Before the analysis for each group, intraobserver consistency in the measurement of mechanical axes, femorotibial angle on radiographs and subchondral bone density was assessed by calculating the coefficient of variation (CV), as the standard deviation divided by the mean value. For this assessment, the investigator performed five measurements of the same CT image. CVs for %MA were calculated from five sets of results.
Statistical analysis
Statistical comparisons among the three groups were conducted using analysis of variance (ANOVA) and Fisher's protected least significant difference test. Differences were considered significant for only p values less than 0.05.
Results
Consistency of the analytical method
CVs of measurements for mechanical axes, femorotibial angle on radiographs and %MA for the entire distal surface of the tibia by a single observer were 2.3, 1.8 and 2.6 %, respectively. Variation less than 10 % was considered acceptable for comparative study purposes. To reduce data variation, measurements in this study were all performed by the same investigator.
Data analysis
For all subjects in the control group, almost the entire area of maximum density was found in the ant-med and post-med areas ( Table 2 , Fig. 3a) . The %MAs for ant-med and post-med were significantly higher than in other regions (p<0.05). For all subjects in the moderate knee OA group, the area of maximum density was predominantly found in the ant-med and post-med areas (Fig. 3b) . The %MAs for ant-med and postmed were significantly higher than in other regions (p<0.05).
All subjects in the severe group demonstrated a higher density area widely distributed in the ant-lat area, compared to that in the control and moderate groups (Fig. 3c) . The %MA for ant-med was significantly higher than for ant-lat or post-lat (p<0.05). In the thrust group, high-density areas were increased in the ant-lat without decreasing in the medial area (Fig. 3d) . The %MA of the ant-med was significantly higher than in ant-lat and post-lat regions (p<0.05).
Regarding the results of comparisons of %MA among the four groups, values in the ant-lat and post-lat areas increased in a stepwise manner from the control group to the moderate, severe and thrust groups. In the ant-lat area, the %MA of severe and thrust groups was significantly higher than that of the control group (p<0.05). The %MA of the thrust group for post-lat was also significantly higher than that for the control group (p<0.05).
Discussion
Contact area and intra-articular pressure in the ankle joint have mostly been studied using in vitro cadaveric ankle specimens [27] [28] [29] [30] [31] [32] and finite element models [33, 34] . Despite various in vitro studies, measurement of in vivo intra-articular pressure in the ankle joint remains a challenge in the field of biomedical engineering. Most analyses on activities of daily living such as weight-bearing standing or walking have been unable to predict the long-term physiological condition of the ankle joint. CT osteoabsorptiometry can be used to clarify subchondral bone density. The theoretical background for this method is that subchondral bone mineralisation functionally adapts to repeated and long-term changes in joint loading [12] . Elucidation of mineralisation patterns thus allows investigators to predict mechanical conditions in joints. The results obtained indicate alterations in stress distributions through the ankle joint in living subjects.
This analysis has demonstrated that the area of maximum density for subchondral bone across the articular surface of the tibia was located in the anteromedial part in all subjects. The area of maximum density was significantly decreased in the severe knee OA group compared to the control and moderate OA groups. These results indicate that actual stress across the articular surface of the distal tibia is located in the medial part under conditions of normal alignment and moderate varus deformity of the knee joint, whereas stress Ant-med anteromedial region, Post-med posteromedial region, Ant-lat anterolateral region, Post-lat posterolateral region *p<0.05 vs post-lat area in all areas; **p<0.05 vs ant-lat area and vs post-lat area in all areas; ***p<0.05 vs control group in all groups distribution in the ankle joint shifts from medial to anterolateral in the severely varus deformed knee. Instability (thrust knee) also shifts stress anterolaterally, but medial stress was also increased compared to that in the control group. A recent study was able to show contact areas on both articular surfaces using dual fluoroscopic and magnetic resonance imaging techniques [15] . That study showed that contact areas were mainly distributed in lateral regions during the simulated stance phase of walking. However, our results show that subchondral bone density in the medial part was obviously higher than that in the lateral part. Their study could clarify aspects of total activity of daily life at just one time point, whereas our results reflect long-term physiological stress on the ankle, including walking stress. The cause of discrepancies between our results and those of that previous study may be that CT osteoabsorptiometry reflects the dynamic stress pattern of a joint under long-term physiological conditions. Some autopsy studies have demonstrated that a quarter or one third of knee OA patients show OA in the ankle joint [35, 36] . Tallroth et al. retrospectively examined the coexistence of ankle OA and knee OA, finding that 30 of 104 patients with knee OA also showed ankle OA [1] . They also stated that preoperative femorotibial angle and mechanical axis deviation are strongly correlated with the grade of ankle OA. These results support our findings for imbalance stress areas in knee OA patients. Theoretically, the increase in varus knee deformity should induce medial stress in the ankle joint. However, our results from the severe knee OA group showed a decrease in bone mineralisation at the anteromedial part of the tibia compared with the moderate knee OA group. This result may be attributable to compensation for the alignment of the subtalar joint. To confirm this speculation, future analyses using CT osteoabsorptiometry should be directed toward the detailed analysis of other subjects.
In this study, the following considerations should be kept in mind. First, the results were based on indirect measurement of stress acting on the ankle joint. Absolute values of joint stress were not elucidated here. Second, a significant discrepancy in age existed between the control group and other groups. While a control group should ideally match other groups in age, age-matched samples with no history of knee and ankle pain or injury are extremely difficult to obtain. To better understand the biomechanical conditions of the ankle in varus knee deformity, more CT data should be collected from older groups with normal knee alignment. Third, we did not take into account factors such as walking aids, vitamin D values and foot alignment. These factors might have influenced the results. Finally, stress distributions across a joint are mainly determined by loading conditions and joint geometry. Although this study showed relationships between stress distributions and long-term loading conditions through the ankle joint, the effects of ankle geometry on stress distribution should be clarified. Although our study includes these limitations, the results still offer a basic clarification of the relationship between in vivo stress distributions in the ankle joint and lower limb alignment.
In conclusion, significant alterations in the distribution of subchondral bone density across the distal articular surface of the tibia were found among the four groups with different levels of varus knee deformity/instability. Instability of the knee increases stress in all parts of the ankle. Varus malalignment of the knee without instability increases stress in the anterolateral part of the ankle without increasing stress in the medial part, providing valuable information for the design of novel implants for the ankle and for determining clinical indications for total ankle arthroplasty. Furthermore, our results may indicate that total ankle arthroplasty in patients with knee deformity/instability may carry a risk of loosening because of shifts in stress distribution if knee deformity/instability is not corrected.
